Cardiovascular measures derived from the electrocardiogram, including heart rate, Porges' vagal tone (respiratory sinus arrhythmia), the 0.10 Hz rhythm, Toichi's vagal index, Toichi's sympathetic index, and approximate entropy (ApEn), were measured continuously. As predicted, cocaine produced tachycardia, accompanied by pronounced decreases in response to 40 mg cocaine in two different vagal tone indexes that precisely mirrored the increases in heart rate. The measure of sympathetic (and vagal) neural influences on the heart (0.10 Hz wave) also decreased in response to cocaine. Converging evidence from Toichi's vagal index supported the conclusion that the tachycardia from cocaine was due to withdrawal of cardiac vagal tone. These findings, and evidence that cocaine decreased cardiovascular complexity, contradict the prevailing assumption that the mechanism by which cocaine produces tachycardia is sympathetic (beta-adrenergic Cocaine is a widely abused drug with pronounced subjective and cardiovascular effects (Fischman et al. 1976; Johanson and Fischman 1989) . Early human research on cocaine (Fischman et al. 1976; Resnick et al. 1977 ) revealed dose-dependent positive chronotropic effects on the heart, reaching a mean increase in heart rate of 38 bpm in response to 32 mg i.v. cocaine. Effects on the cardiovascular system can be remarkable in some subjects. Increases in heart rate have been reported to occur in response to doses as low as 13 mg i.v. cocaine; these increases ranged from 15 to 46 bpm (Ambre et al. 1988) . The magnitude of these effects has led to the conclusion that cardiotoxicity from cocaine may be a major factor in death due to cocaine overdose (Billman 1990) .
Cocaine is a widely abused drug with pronounced subjective and cardiovascular effects (Fischman et al. 1976; Johanson and Fischman 1989) . Early human research on cocaine (Fischman et al. 1976; Resnick et al. 1977 ) revealed dose-dependent positive chronotropic effects on the heart, reaching a mean increase in heart rate of 38 bpm in response to 32 mg i.v. cocaine. Effects on the cardiovascular system can be remarkable in some subjects. Increases in heart rate have been reported to occur in response to doses as low as 13 mg i.v. cocaine; these increases ranged from 15 to 46 bpm (Ambre et al. 1988) . The magnitude of these effects has led to the conclusion that cardiotoxicity from cocaine may be a major factor in death due to cocaine overdose (Billman 1990) .
The cardiotoxicity of cocaine has directed interest toward the autonomic mechanism by which the drug produces cardiovascular arousal. It has been assumed (Billman 1990; Ritchie and Greene 1990 ) that the cardiovascular response to cocaine is due primarily to activation of sympathetic autonomic mechanisms. This view stems in part from evidence that cocaine directly blocks reuptake of catecholamines in the periphery (Ritchie and Greene 1990) . Clinical case reports have suggested that propranolol (a beta-adrenergic blocker) and phentolamine (an alpha-adrenergic blocker) may partially reverse cardiovascular arousal in cocaine overdose (Rappolt et al. 1977) . However, controlled studies at moderate dosages of cocaine in humans would be needed to confirm these observations. Furthermore, there is conflicting evidence in animal research concerning the role of the sympathetic nervous system in the response to cocaine in the intact organism. Recent findings indicate that central administration of cocaine actually decreases peripheral sympathetic neural activity in cats and dogs (Raczkowski et al. 1991) .
Tachycardia can occur for different reasons. An increase in sympathetic drive would increase heart rate (Berne and Levy 1977) . This effect has been the presumed mechanism of the tachycardic response to cocaine (Ritchie and Greene 1990) . However, tachycardia can also result from withdrawal of tonic vagal inhibition (Berne and Levy 1977) . Vagal blockade in humans almost doubles resting heart rate (Dellinger et al. 1987) , indicating that there is profound tonic suppression of heart rate by cardiac vagal tone via the parasympathetic nervous system. This effect would preclude using vagal blockade to determine whether the tachycardia produced by cocaine could be blocked by a drug such as atropine because massive baseline shifts in resting heart rate would obscure interpretation of the results. Also, i.v. cocaine could not be administered to human subjects with very high resting heart rates (following atropine). Recent findings that cocaine can block muscarinic M 2 receptors in the heart and brain (Sharkey et al. 1988) implicates the parasympathetic nervous system, including effects on vagal tone, in the cardiotoxicity of cocaine.
The recent development of vagal tone as a noninvasive measure of vagal inhibition of the heart (Porges, 1995) allowed us to measure parasympathetic influences in response to intravenous cocaine in humans. Vagal tone is derived from the electrocardiogram (ECG) using time series analysis of successive R-wave to R-wave intervals. It quantifies respiratory sinus arrhythmia, or normal heart rate variability in the respiratory frequency band. This variability has been viewed as a relatively pure measure of cardiac vagal tone (Porges and Bohrer 1990) . Moreover, there is evidence (Axelrod et al. 1981 ) that the 0.10 Hz rhythm, measured analogously to vagal tone but at a lower frequency, reflects mixed influences, including (but not limited to) betaadrenergic effects on the heart. In addition, recently developed chaos and complexity measures were used in the present study to: (1) provide converging evidence concerning autonomic mechanisms of cocaine's cardiovascular effects; (2) measure aspects of system function that were relevant to the cardiotoxicity of cocaine; and (3) assess the effect of cocaine on cardiovascular system dynamics. Toichi et al. (1997) derived measures of vagal and sympathetic function based on the Lorenz plots of successive R-wave to R-wave intervals in the ECG. The Lorenz plot has each R-R interval on the Y-axis and the next successive R-R interval on the X-axis. The vagal and sympathetic indexes were selected empirically by Toichi et al. (1997) as those functions from the Lorenz plots that were most sensitive to vagal and sympathetic blockade with atropine and propranolol, respectively. Pincus et al.'s (1991) Approximate Entropy (ApEn) is a measure of the regularity versus complexity of a time series. As applied to successive R-wave to R-wave intervals, ApEn quantifies the degree to which the cardiac series can be characterized by simple repeating patterns (regularity) versus many different patterns that repeat less frequently (complexity). Pincus and Goldberger (1994) argued that disease states are associated with highly regular series (i.e., low ApEn) while "healthy" biological systems tend to be complex (i.e., high ApEn). The mathematical approach to ApEn is very different from that of Porges' Vagal Tone or Toichi's Vagal and Sympathetic Indexes, although they all concern variability as opposed to mean level of heart rate.
We assessed a number of cardiac measures that are derived from the ECG in response to i.v. administration of cocaine or placebo in order to determine the autonomic mechanisms of the cardiovascular response to cocaine.
METHODS

Subjects
Fourteen healthy male subjects completed the protocol (one subject failed to complete because of an ECG abnormality that prevented him from receiving cocaine). These are the same subjects reported in brief form in Newlin (1995) , and the subjects partially overlap those of a positron emission tomography study (London et al. 1990 ) of the effects of cocaine on brain function. The subjects ranged in age from 25 to 43 years (mean age ϭ 31.6). Eight of the subjects were African-American, and six were whites of European descent. None of these men were seeking or receiving treatment for cocaine abuse.
Subjects had no access to cocaine (other than the i.v. injections reported here) or to other non-prescribed drugs (other than nicotine and caffeine) for at least one week while residing on a residential research ward prior to initiating the protocol, and they resided there for the duration of the study. They received a physical examination prior to the study, with particular attention paid to ruling out subjects with cardiac abnormalities. A resting 12-lead electrocardiograph and 3 min rhythm strips were used to exclude subjects with any significant past injury or present ischemia, or any other condition that would preclude their receiving cocaine. Resting blood pressure had to be within normal limits ( Ͻ 140 mmHg systolic and Ͻ 90 diastolic).
Most of the subjects were polydrug abusers. All subjects had reported histories of i.v. cocaine abuse and/or dependence, and had histories of urinalysis results that were positive for cocaine or its metabolites. Twelve subjects reported having used i.v. cocaine within the last 14 days, and seven had used heroin in that period. Subjects reported average cocaine use of 0.53 g per day (two subjects reported using $90.00 per week of cocaine and $45.00 per month, respectively). They had used cocaine for a mean duration of 9 years (range: 2-20 years). Eleven of the subjects were current cigarette smokers, and nine subjects had an alcohol abuse or dependence diagnosis.
All subjects signed a consent form approved by the Francis Scott Key Hospital Institutional Review Board of Johns Hopkins Medical Institutions. This consent form informed them of the risks of receiving i.v. cocaine or placebo. Subjects were paid volunteers.
Cocaine
Cocaine HCl or placebo (0.9% NaCl) was administered intravenously on three separate days at least 24 h apart with one of the following doses per day: 0 mg cocaine (placebo), 20 mg cocaine, and 40 mg cocaine. Bolus injections were 10 s in duration. The experimental team and the subjects were not aware of the order of the dosages. The dosages were in pseudo-randomized order, with the 20-mg dose of cocaine always preceding the 40-mg dose to enhance safety. The placebo dose could occur in any place in the sequence.
Procedure
Cocaine and placebo were administered by a physician in a sound-attenuated chamber. The subjects were blind-folded, and they were seated, listening to an audiotape over headphones that presented white noise, a series of questions given intermittently, and "beep" prompts (London et al. 1990 ). Three experimental sessions were preceded by a single-blind administration of placebo to familiarize the subjects with the environment and to overcome first-session effects .
A signal that the injection was imminent was the entry of a physician into the chamber. After a mean of 64 s, the physician injected the solution into the port of an indwelling venous catheter in the subject's arm. A technician was seated in the subject chamber during the entire recording period, both before and after the injection. However, the physician's entry into the room was still highly predictive of the imminent injection.
Dependent Measures
Heart rate, vagal tone index (Porges 1995) , and the 0.10 Hz rhythm were recorded continuously for 5 min before the physician entered the room, during the time the physician was in the room but before the injection, and for 30 min after the injection (London et al. 1990) .
Vagal tone and the 0.10 Hz rhythm were quantified using patented (Porges 1995) software (MXEDIT) from Delta-Biometrics (Bethesda, MD). This software takes as input the successive R-wave to R-wave intervals in ms. A technician, who was blinded to the treatment (placebo or 20 mg or 40 mg cocaine), performed computerized editing on this train of intervals in order to remove artifact and to recover the original heart rate signal. Mxedit quantifies vagal tone in adult subjects from a heart period time series, includes the following steps: (1) heart period data is resampled every 500 ms; (2) a 21-point moving cubic polynomial filter is stepped through the time sampled series to produce a smoothed template series; (3) the template series is subtracted from the original series to produce a residual time series; (4) a digital bandpass filter with 25 coefficients is stepped through the residual series to extract variance in the .12-.40 Hz frequency band; and, (5) the remaining variance is transformed by its natural logarithm, and is used as a measure of vagal tone. The smoothing techniques contained in these steps function to remove variance in the heart period data with frequency characteristics that fall outside the frequency band of spontaneous respiration, allowing for accurate quantification of the amplitude of respiratory sinus arrhythmia, or vagal tone. Similar quantification procedures were used for the 0.10 Hz rhythm, but the frequency band of interest was 0.06 to 0.10 Hz. The n was 14 for these analyses. The 0.10 Hz rhythm reflects activity at the baroreceoptor reflex feedback frequency rather than respiratory sinus arrhythmia (for vagal tone).
Chaos-related measures of the Vagal Index (sensitive to pharmacological blockade with atropine) and the Sympathetic Index (sensitive to blockade by propranolol) were derived from the train of successive R-wave to R-wave intervals from the ECG, using the method described by Toichi and colleagues (1997) . Briefly, the Lorenz plot was constructed in which each adjacent R-wave to R-wave interval was plotted against the next R-wave to R-wave interval. This transformation yielded a scatterplot such as that shown in Figure 1 . The plot was rotated using trigonometric functions so that the diagonal axis became the X-axis. The standard deviation of differences along the X-and Y-axes of the rotated Lorenz plot were then calculated, yielding Toichi's L and T, respectively. The Vagal Index was calculated as the log of (L ϫ T), and the Sympathetic Index was taken as L divided by T. The n was equal to 9 for these analyses because some subjects' raw data were deemed too artifactridden to perform the transformations described above.
The dependent measures in these analyses represented the means for each subject for study intervals 3 to 24 min after injection of cocaine minus the 5 min pre-drug baseline mean. Therefore, it was the mean post-injection minus the pre-drug baseline level. Note that this transformation was different from that concerning vagal tone and the 0.10 Hz rhythm.
Approximate Entropy (ApEn) was also calculated on the successive R-wave to R-wave intervals for each study interval using the method described by Pincus et al. (1991) . The algorithm was tested for accuracy using pieces of data upon which ApEn had been calculated using Pincus' own software. The parameter "m" concerns the length of "runs" (i.e., number of R-R intervals) on which the next value (i.e., R-R interval) is compared in Pincus' algorithm, and the parameter "r" is a "filter" for the magnitude of change (in R-R interval) that is needed to identity a change in pattern of successive intervals. Results for m ϭ 1 and m ϭ 2 are presented separately. The statistic r was based for each subject on 0.2 times the standard deviation of R-R intervals during their 5 min baseline prior to placebo. This standardized the window used in the calculation of ApEn for each subject ( r did not change between sessions) although it meant that each subject had a different value of r.
Part of the data on one subject from the double-blind placebo session was lost due to equipment malfunction. Several data points, therefore were interpolated during the stable, final portion of the post-injection period. The n was 9 for these analyses.
Statistical Methods
Mean heart rate, vagal tone index, and the 0.10 Hz rhythm were quantified for the interval prior to the physician entering the room, the period in which the physician was in the room but before the injection, and for 15 successive 2 min intervals after injection (Figure 2 ).
Statistical significance of the effect of cocaine-related cues was tested with repeated-measures analysis of variance (ANOVA) on the difference between the 5 min baseline and the mean of the period in which the physician was in the experimental chamber with the subject. The effect of placebo was tested with repeated-measures ANOVA on the difference between the 5 min baseline and the first 2 min block after the injection of placebo.
Statistical significance of the effect of drug was tested using repeated-measures ANOVA. There were no significant baseline differences in heart rate (F(2,39) ϭ 0.1, n.s.), vagal tone index (F(2,39) ϭ 0.03, n.s.), or the 0.10 Hz rhythm (F(2,39) ϭ 0.3, n.s.). Therefore, difference scores were constructed for each dose by subtracting the preinjection baseline from the mean of the scores after injection. Note that the difference scores were based on the pre-drug baseline corresponding to that day's dose, so that the baselines were different for each drug condition.
The p Ͻ .01 criterion for statistical significance was adopted to correct for multiple comparisons.
RESULTS
Mean heart rate, vagal tone index, and 0.10 Hz rhythm results are displayed in Figure 2 . The increase in heart rate of 6 bpm from baseline to the interval in which the physician was in the subject chamber (cues) was significant (F(1,13) ϭ 26.3, p Ͻ .0002), but the change in vagal tone index (F(1,13) ϭ 0.2, n.s.) and the 0.10 Hz rhythm (F(1,13) ϭ 2.3, n.s.) were not. Similarly, the increase in heart rate of 11 bpm in the first 2 min after placebo was significant (F(1,13) ϭ 13.8, p Ͻ .003), but the change in vagal tone index (F(1,13) ϭ 0.5, n.s.) and in the 0.10 Hz rhythm (F(1,13) ϭ 0.9, n.s.) were not. Heart rate returned rapidly to baseline levels after this increase in the placebo condition (Figure 2) . Responses in heart rate, Porges' vagal tone, and the 0.10 Hz rhythm to intravenous cocaine (20 mg and 40 mg) or placebo in 14 cocaine abusing volunteers. Shown are means (ϮS.E.M.) at baseline (BL) before injection, after the physician entered the subject chamber signaling imminent injection (Cues), and for 30 min after injection. The vertical dashed line indicates the point of i.v. injection. Note that cocaine (20 mg and 40 mg) significantly increased heart rate (p Ͻ .0001) and that 40 mg cocaine decreased vagal tone index (p Ͻ .01) in a dose-dependent manner. This indicated that the tachycardia from cocaine was, at least in part, due to withdrawal of vagal (parasympathetic) inhibition of the heart. Peak cardiovascular effects of cocaine occurred at approximately 7 to 11 min after injection. Effects of placebo injections were short-lived, and were most apparent in the first 2-min period after injection.
After the injection of cocaine, there was a robust, dose-dependent tachycardia. The increase in heart rate showed a peak of approximately 30 bpm from 7 to 11 min after the injection of 40 mg cocaine. For heart rate, the main effect of dose (40 mg, 20 mg, and placebo) was significant (F(2,39) ϭ 37.7, p Ͻ .0001), and the contrasts between placebo and 20 mg (F(1,26) ϭ 41.8, p Ͻ .0001), and between placebo and 40 mg (F(1,26) ϭ 73.7, p Ͻ .0001) were significant, although that between 20 mg and 40 mg (F(1,26) ϭ 4.7, p Ͻ .05) was not. This degree of tachycardia was consistent with previous results (Fischman et al. 1976; Resnick et al. 1977) .
The increase in heart rate was mirrored temporally by an almost significant (F(2,39) ϭ 4.6, p Ͻ .02), dosedependent decrease in vagal tone index. The change in vagal tone also showed a trough at approximately 7 to 11 min after injection when 40 mg was administered, and it was a decrease of approximately 2 log units. Contrasts between placebo and 20 mg (F(1,26) ϭ 8.2, p Ͻ .01), and between placebo and 40 mg cocaine (F(1,26) ϭ 7.6), p Ͻ .01) were significant. The contrast between 20 mg and 40 mg (F(1,26) ϭ 0.7, n.s.) was not significant. None of the measures returned entirely to baseline levels during the 30-min recording period after 40 mg cocaine.
The negative correlations between peak changes in heart rate and vagal tone index were r ϭ Ϫ .79 under placebo, r ϭ Ϫ 0.46 at the 20-mg dose, and r ϭ Ϫ 0.74 at the 40-mg dose.
For the 0.10 Hz wave, the overall decrease following cocaine was significant (F(2,39) ϭ 5.4, p Ͻ .01). The contrast between the placebo and 40 mg dose was significant (F(1,26) ϭ 9.3, p Ͻ .01), but those between the placebo and 20 mg dose (F(1,26) ϭ 2.7, n.s.) and between the 20 mg and 40 mg dosages (F(1,26) ϭ 3.1, p Ͻ .10) were not significant.
Results concerning Toichi's Vagal Index and Sympathetic Index, and Pincus' ApEn, with R-R interval (heart period) as a basis for comparison, are presented in Figure 3 . Intravenous cocaine decreased the Vagal Index and ApEn (m ϭ 1) and ApEn (m ϭ 2). For Toichi's Vagal Index, the decrease from cocaine was significant (F(2,16) ϭ 6.2, p Ͻ .01), but the small increase in the Sympathetic Index was not (F(2,16) ϭ 2.7, p Ͻ .10). As might be expected, the changes in these two indexes (Vagal and Sympathetic Indexes) from the high dose of cocaine (minus the placebo change) were negatively correlated (r ϭ Ϫ.46). To determine whether the cocaine-induced change in the Vagal Index could account completely for the change in heart period, we entered change in the Vagal Index (40 mg minus placebo) as a covariate in the ANCOVA for heart period. The main effect of cocaine on heart period remained significant (F(2,14) ϭ 20.2, p Ͻ .001) after controlling for the effect of cocaine on the Vagal Index.
The effect of cocaine to decrease ApEn (i.e., to reduce complexity and increase regularity) was significant for (E) the m parameter is the length of patterns used to quantify regularity of the time series vs. complexity of the series. Each bar represents activity from 3 to 24 min after injection of cocaine (20 mg or 40 mg) or placebo, after subtracting the baseline (pre-drug) level. Note that cocaine decreased CVI (B) but had no significant effect on CSI (C). Cocaine decreased ApEn (m ϭ 1) (D), and marginally (p Ͻ .02) decreased ApEn (m ϭ 2) (E); this indicated that cocaine increased the regularity and decreased the complexity of the cardiovascular time series.
ApEn (m ϭ 1) (F(2,16) ϭ 14.4, p Ͻ .001) and was almost significant (F(2,16) ϭ 5.3, p ϭ .017) for ApEn (m ϭ 2). Change in the two ApEn measures were substantially correlated with each other (r ϭ .72), and change in ApEn (m ϭ 1) was highly correlated with change in Toichi's Vagal Index (r ϭ .90). The effect of cocaine on heart period remained significant after entering either ApEn (m ϭ 1) (F(2,14) ϭ 8.5, p ϭ .004) or ApEn (m ϭ 2) (F(2,14) ϭ 14.2, p Ͻ .001) as covariates.
DISCUSSION
The fact that cocaine-induced changes in heart rate and vagal tone mirrored each other temporally indicated that there was a substantial vagal component to the tachycardia. Withdrawal of vagal inhibition (associated with a decrease in vagal tone) would drive heart rate higher. Studies with atropine in human subjects (Dellinger et al. 1987) have indicated that a change in vagal tone index of this magnitude is roughly equivalent to a dosage of atropine, a vagal blocker, of approximately 1 mg i.m. Decreases in vagal tone index of similar magnitude 5 min after smoking marijuana cigarettes have been noted previously . Although the cardiovascular effects of morphine, alcohol, nicotine, methylphenidate, and pentobarbitol were not as pronounced, all of these substances have been reported (Newlin et al. 1990; Pretorius et al. 1991; Wong et al. 1991) to decrease vagal tone index in humans. Therefore, it is possible that withdrawal of vagal tone is a common factor in the response to abused drugs.
The effects of i.v. cocaine on heart rate and the time course (i.e., tachycardia peaking approximately 10 min after injection) are congruent with earlier studies (Fischman et al. 1976; Resnick et al. 1977) . The higher dose of cocaine (40 mg) in the current study produced significant subjective effects in the positron emission tomography portion of this study (London et al. 1990 ) with which there was some overlap among subjects.
There is evidence from studies in squirrel monkeys that the tachycardia from i.v. cocaine can be partially blocked by either propranolol or phentolamine (Tella et al. 1990 ). These results would indicate that there are, in fact, sympathetic components to the increase in heart rate from cocaine, at least in monkeys. It is possible that there are important species differences in the cardiovascular response to cocaine. Hexamethonium (an autonomic ganglionic blocker) appears to block the tachycardia from cocaine in dogs (Wilkerson 1989) but not in squirrel monkeys (Tella et al. 1990 ).
The present results indicated that cocaine may have actually reduced sympathetic neural influences on the heart. This finding is consistent with the animal data (Gantenberg and Hageman 1991) , but stands in marked contrast to prevailing assumptions concerning the effect of cocaine on beta-adrenergic influences on the heart. However, there was a slight, nonsignificant increase in Toichi's sympathetic index in response to cocaine.
The results indicated that cocaine-related cues produced an initial tachycardic response that was not vagal in origin. The responses to cocaine-related cues (i.e., the physician and the placebo injection) are important for two reasons. First, they reflect both an anticipatory and immediately post-injection placebo response that is independent of parasympathetic mechanisms. Conditioned responses to cocaine-related cues were expected in this sample of cocaine abusers due to their extensive past histories of Pavlovian conditioning to these cues. As entry of the physician was a highly predictive cue that the injection was imminent Muntaner et al. 1989) , this increase in heart rate likely represented an anticipatory response to cocaine cues. Cardiovascular responses to cocaine placebo injections have been reported Muntaner et al. 1989) , although the precise autonomic mechanisms were not known. Second, these responses indicated that a decrease in vagal tone is not a necessary correlate of tachycardia. Therefore, it appears unlikely that changes in vagal tone are artifactually related to changes in heart rate.
One might expect that this anticipatory heart rate response could be due to nonspecific orienting rather than to specific anticipation of cocaine. However, the orienting response is typically deceleratory (Jennings 1986 ) rather than the acceleration in heart rate that was found when the physician entered the room. Moreover, the orienting response has a significant vagal component (Obrist 1981 ). We did not find any concomitant change in vagal tone when the physician entered the subject chamber. Similar arguments can be made concerning the response to placebo.
These results contradict the prevailing view that the cardiovascular response to cocaine is due to sympathetic (Billman 1990; Ritchie and Greene 1990) rather than parasympathetic mechanisms. In fact, cocaine is a relatively potent vagal blocker. The implications of these results for the cardiotoxicity of cocaine remain to be investigated. Evidence that tonic parasympathetic inhibitory control of the heart normally suppresses arrhythmiagenesis (Kamarck and Jennings 1991) may be directly relevant. Withdrawal of vagal tone is associated with several different cardiac arrhythmias (Corr and Gillis 1974; Goldstein et al. 1973; Kent et al. 1973; Myers et al. 1974) . Therefore, the relatively pronounced release of vagal inhibition produced by moderate dosages of cocaine may play a direct etiologic role in overdose of this drug.
The results obtained with measures derived from Lorenz plots of successive R to R intervals provided supportive evidence. The Vagal Index, which was most sensitive to atropine in a validation study (Toichi et al. 1997 ), was significantly decreased by i.v. cocaine. This effect was congruent with results using Porges' (1995) Vagal Tone measure. The Sympathetic Index (Toichi et al. 1997 ) was not significantly affected by i.v. cocaine, which supported our conclusion that the tachycardia was not sympathomimetic, but was instead due to withdrawal of vagal (i.e., parasympathetic) inhibition. We did not find the robust sympathetic effects that would be predicted by the assumption of sympathetic mediation of the autonomic effects of cocaine. Instead, these measures provided converging evidence that the autonomic mechanism of the tachycardia from cocaine was withdrawal of vagal inhibitory influences on the heart.
The effect of i.v. cocaine on Pincus et al.'s (1991) ApEn was robust. There were substantial increases in the regularity (i.e., decreases in complexity) of the R to R intervals after cocaine was administered. Pincus and Goldberger (1994) have argued on the basis of empirical evidence that highly regular biological systems are characteristic of disease states, and that a "healthy" biological system is characterized by high complexity. Pincus (1994) speculated that high complexity represents the effects of multiple inputs to a biological system (such as the cardiovascular system), and that regularity of the system increases as these multiple inputs are reduced or eliminated. Therefore, the robust increase in regularity of heart period (i.e., reduction in ApEn) in the present study may represent a "disconnection" syndrome in which the impact of neural systems on the heart have been reduced (Pincus 1994) . Certainly, the impact of parasympathetic inhibition was reduced by cocaine.
The subjects in this study were all men, and it is possible that different results would be obtained with women. We can only speculate on possible gender differences in the specific measures employed in this study since these measures have not been used in other cocaine research. The men in this study were polydrug abusers without significant cardiovascular problems or histories of adverse responses to cocaine. Although they were free of cocaine for at least a week before participating in the study, they could have been partially tolerant to the drug. New users, who are not tolerant to cocaine, may have even larger cardiovascular responses to the drug, and very recent users could have lesser effects due to tolerance. Finally, we recorded for 30 minutes following i.v. injections, and cardiovascular levels did not return fully to baseline levels during that time period. It is possible that different effects would obtain at later time points, although these could represent the beginning of acute withdrawal from cocaine rather than direct effects of the drug.
In conclusion, we developed a working hypothesis (Newlin 1995) that the cardiovascular effects of cocaine were due to withdrawal of vagal tone and to increased alpha-adrenergic activity, the latter affecting primarily peripheral resistance. The results of the present study tend to support the first part of our hypothesis, that cocaine reduces parasympathetic inhibition rather than increasing beta-adrenergic sympathetic activity.
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